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Fe62Co8xMxZr6Nb4Ge1B19 (M¼Mo, Cr) bulk metallic glasses were synthesized in the diameter range up to 2 mm by copper mold casting,
which exhibit high thermal stability and large glass-forming ability. The super-cooled liquid region diminishes by the dissolution of Mo. The
addition of 2 at% Cr leads to the broading of the liquid region remarkably, resulting in the improvement of thermal stability. The crystallization
takes place through a single exothermic reaction, accompanying the precipitation of more than three kinds of crystallized phases such as α-Fe,
Fe2Zr and ZrB2. The Fe-based alloys show soft ferromagnetic properties. The saturation magnetization (ss) decreases with increasing Mo or Cr
content while the saturated magnetostriction increases with raising Mo or Cr content. There is no evident change in the ss and coercive force (Hc)
with annealing temperature below the crystallization temperature, which suggests a more relaxed atomic conﬁguration the glasses have. The
crystallization causes a substantial enhancement in both ss and Hc. Each soft magnetic property of the glasses containing Cr with higher thermal
stability is superior to that of the alloys containing Mo.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Since the ﬁrst Fe-based metallic glass was synthesized in the
Fe–P–C system by liquid quenching in 1967 [1], a number of
ferromagnetic amorphous alloys have been formed for the subse-
quent three decades [2]. It is well known that most of the metallic
glasses require high cooling rates over 105 K per second for glass
formation and the resulting sample thickness is limited to less than
about 50 μm [3,4]. In order to eliminate the limitation, great efforts
have been devoted to ﬁnd Fe-based glassy alloys with high glass-
forming ability (GFA) for the last two decades./10.1016/j.pnsc.2014.03.004
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nder responsibility of Chinese Materials Research Society.In recent years, some metallic glasses in Mg- [5], lanthanide
(Ln)- [6], Zr- [7,8], Pd–Cu- [9] and Ti-based [10] systems have
been reported to exhibit a large supercooled liquid region before
crystallization and can be produced in bulk metallic glasses by
conventional casting processes. More recently, Fe-based amor-
phous alloys with large glass-forming ability have been synthe-
sized in Fe–(Al, Ga)–(P, C, B, Si, Ge) [11–13], Fe–(Co, Ni)–(Zr,
Nb, Ta, Mo, W)–B [14–16], Fe–(Co, Cr, Mo, Ga, Sb)–P–B–C
[17,18], Fe–Ni–P–B [19] and (Fe, Co)–RE–B (RE¼Pr, Nd, Sm,
Gd, Tb, Dy, Er) [20,21] systems. The supercooled liquid region
before crystallization (SLR or ΔTx) is deﬁned by the temperature
span between the glass transition temperature (Tg) and the crystal-
lization onset temperature (Tx). There is a tendency for GFA to
increase with increasing SLR [22–24]. Furthermore, the glassy
alloys with a large SLR can be deformed into various shapes
through signiﬁcant viscous ﬂow inherent to the supercooled liquid.
The above-mentioned metallic glass systems with large glass-
forming ability always satisfy the empirical rules for the achieve-
ment of large GFA, i.e. multicomponents with signiﬁcantlyElsevier B.V. All rights reserved.
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In the framework of the empirical rules, new Fe-based metallic
glasses with large GFA have been searched. As a result, the Fe-
based amorphous Fe–Co–M–Zr–Nb–Ge–B (M=Mo, Cr) alloys
have been found to show remarkable glass-forming ability. This
paper is intended to present the thermal stability of the super-
cooled liquid and magnetic properties of the new Fe-based bulk
metallic glasses.
2. Experimental procedures
The alloy ingots of the Fe-based alloys with nominal composi-
tion of Fe62Co8xMxZr6Nb4Ge1B19 (M=Mo, Cr, x=0–4 at%)
were prepared by arc melting a mixture of pure Fe, Co, Zr, Nb,
Ge and Mo (or Cr) metals and prealloyed Fe–B pellets in a puriﬁed
argon atmosphere. From the master alloy ingot, bulk metallic glass
samples in the diameter range up to 2 mm were prepared by
copper mold casting under a vacuum state. The amorphicity of the
melt-spun ribbons was examined by X-ray diffractometry (XRD)
on a Rigaku X-ray diffractometer with CuKα radiation. The glass
transition temperature and the crystallization temperature were
measured by differential thermal analysis (DTA) on a Perkin-
Elmer DTA 7 calorimeter at a heating rate of 0.67 K/s. Annealing
treatment was carried out for the amorphous ribbons heated for
900 s at the temperature interval between 573 K and 973 K.
Saturation magnetization (ss) was measured using a Faraday
magnetic balance. Coercive force (Hc) was measured with a static
magnetic tester. Magnetostriction (λ⧸⧸λ?) was tested by a static
stainometer.
3. Results and discussion
The X-ray diffraction spectra of the bulk Fe62Co8xMx
Zr6Nb4Ge1B19 (M=Mo, Cr, x=0, 2 and 4 at%) alloys in the
diameter of 2 mm are shown in Fig. 1. Only a broad peak is seen
at a wave vector (Kp¼4π sin θ/λ) of about 30.6 nm1 for all the
alloys. No diffraction peak corresponding to a crystalline phase is
recognized for the alloys with different Mo or Cr content. The
X-ray diffraction data indicate clearly that these bulk alloys are
composed of an amorphous phase without crystallinity, which
exhibit relatively large glass-forming ability.Fig. 1. X-ray diffraction spectra of the bulk Fe62Co8xMxZr6Nb4Ge1B19
(M¼Mo, Cr, x¼0, 2 and 4 at%) alloys.Fig. 2 shows the DTA curves of the Fe62Co8xMxZr6Nb4
Ge1B19 (M¼Mo, Cr) metallic glasses. It is to be noticed that these
amorphous alloys exhibit a distinct glass transition, followed by a
large supercooled liquid region before crystallization. Considering
that only one exothermic peak is seen on the DTA trace for
each alloy, the crystallization appears to take place through a
single-stage exothermic reaction. The similar features in the glass
transition, supercooled liquid and single-stage crystallization are
observed on both the Mo-containing and Cr-containing alloys.
All the metallic glasses with different Mo or Cr contents show a
large supercooled liquid region above 65 K. Both of the Tg and Tx
increase by the dissolution of Mo. The degree of the increase in Tg
is larger than that in Tx, leading to the decrease in SLR with raising
Mo Content. It is seen that the Tg increases slightly with increasing
Cr content while the Tx shows a maximum at 2 at% Cr. As a result,
the supercooled liquid region exhibits a maximum value of about
85 K around 2 at% Cr. The SLR decreases considerably when the
Cr content is more than 2 at%. From the DTA data, it is concluded
that the supercooled liquid region diminishes by the dissolution of
Mo while the addition of 2 at% Cr causes the extension of the
supercooled liquid region remarkably and leads to the enhance-
ment of thermal stability.
Fig. 3 shows the X-ray diffraction spectrum of the Fe62Co6Cr2
Zr6Nb4Ge1B19 metallic glass annealed for 900 s at 973 K corre-
sponding to the temperature just above the exothermic peak. The
diffraction pattern is identiﬁed to consist of α-Fe, Fe2Zr, ZrB2 and
some unknown phases. Consequently, the single exothermic
reaction occurs by the nearly simultaneous precipitation of more
than three kinds of crystallization phases. This crystallization mode
implies that the atomic rearrangements of the constituent elements
on a long-range scale are necessary for the precipitation of theFig. 2. DTA curves of the Fe62Co8xMxZr6Nb4Ge1B19 metallic glasses:
(a) M¼Mo and (b) M¼Cr.
Fig. 3. X-ray diffraction spectrum of the Fe62Co6Cr2Zr6Nb4Ge1B19 metallic
glass annealed for 900 s at 973 K.
Fig. 4. Magnetization curves of the metallic glasses.
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liquid. It causes the retardation of the crystallization reaction,
leading to the increase in the thermal stability of the supercooled
liquid. The simultaneous precipitation of multiple crystalline phases
by the single-stage exothermic reaction is consistent with that for
some other multicomponent bulk metallic glasses [22,24] with
high thermal stability and large glass-forming ability.
The reason for the high thermal stability and large glass-forming
ability of the Fe–Co–(Mo,Cr)–Zr–Nb–Ge–B metallic glasses is
believed to result from the satisfaction of the empirical rules for the
achievement of high glass-forming ability [22–24]. First, Fe–Co–
(Mo,Cr)–Zr–Nb–Ge–B alloys consist of six or seven components.
The effect of multicomponents is presumably due to the “confu-
sion principle” [25]: the more the elements involved, the lower the
chance that the alloy can select viable crystal structures, and the
greater the chance of glass formation. Second, there is signiﬁcant
difference in atomic size ratios above 12% among the main
constituent elements. The atomic size changes in the order of
Zr»Nb4Mo4Cr4Co4Fe4Ge4B. Furthermore, there are
negative heats of mixing among the main constituent elements.
The predicted negative enthalpies of mixing are 37–60 kJ/mol for
Fe–Zr and Co–Zr atomic pairs, 23–37 kJ/mol for Fe–Nb and Co–
Nb pairs, 37–79 kJ/mol for Fe–B, Co–B and Nb–B pairs, and
102 kJ/mol for Zr–B pair [26]. The strong bonding nature of the
main Fe–Zr, Co–Zr, Fe–Nb, Co–Nb, Nb–B and Zr–B atomic pairs
seems to result in the enlargement in thermal stability. This
indicates the importance of the attractive bonding nature among
the constituent elements for the achievement of the large super-
cooled liquid region and high glass-forming ability. However, the
predicted heat of mixing for the atomic pairs containing Mo
element is considerably smaller than those for the corresponding
Fe–Zr, Co–Zr, Fe–Nb, Co–Nb, Nb–B and Zr–B pairs. The weaker
bonding nature of the atomic pairs seems to result in the decrease
in thermal stability for the alloys containing Mo. On the other
hand, the addition of an appropriate amount (2 at%) of Cr is expec-
ted to cause an enhancement of the degree of the satisfaction of the
empirical rules. That is, the atomic size changes more continuously
and additional atomic pairs containing Cr with relatively large
negative heat of mixing generate for the Cr-containing alloys. The
increase in the degree of the satisfaction of the empirical rules maybe the reason for the improvement of thermal stability by the
addition of 2% Cr.
It has been reported [27,28] that the glassy alloys, which satisfy
the empirical rules, can have a unique amorphous structure with a
highly dense random packed atomic conﬁguration, a new local
atomic conﬁguration that is different from that for the correspond-
ing crystalline phases, and a long-range homogeneous atomic
conﬁguration. The formation of the unique disordered structure
causes the suppression of nucleation and growth reactions of a
crystalline phase and the difﬁculty of atomic rearrangement,
leading to the increase in the thermal stability of the supercooled
liquid against crystallization.
Fig. 4 shows the magnetization curves of the Fe-based
metallic glasses. It is quite evident that the saturation magne-
tization (ss) decreases with increasing Mo or Cr content. The
reason for this probably results from the following two factors.
First, Mo and Cr are paramagnetic elements while Co is of
ferromagnetism, therefore the ss is deﬁnitely lowered when Co
is replaced by Mo or Cr in the alloys. Second, based on the
plot of mean magnetic moment per transition metal atom as a
function of the average number of outer electrons, the Slater–
Pauling curve [29], for the (Fe, Co)80B20 amorphous alloys,
the mean magnetic moment reaches maximum for the average
number of outer electrons of about 8. When the average outer
electron concentration of transition metals decreases, the mean
magnetic moment diminishes signiﬁcantly. As we know, the
outer electronic structure for Fe, Co, Mo and Cr is 3d64s2,
3d74s2, 4d55s1 and 3d54s1, respectively. When Co is partially
replaced by Mo or Cr in the amorphous alloy, the average
number of outer electrons decreases, leading to the reduction in
average magnetic moment based on the Slater–Pauling curve.
Consequently, the saturation magnetization drops remarkably
with the increase in Mo or Cr content. Besides, the ss values
are lower than those of the traditional Fe-based amorphous
alloys, which is supposed to result from the relatively low
concentration of the ferromagnetic elements (iron and cobalt).
Fig. 5 shows the changes in magnetostriction (λ⧸⧸λ?) as a
function of applied ﬁeld for the Fe–Co–(Mo,Cr)–Zr–Nb–Ge–B
metallic glasses. The tendency of the changes in magnetostriction
is very similar for each alloy with different Mo or Cr content. The
magnetostriction increases gradually with raising applied ﬁeld and
tends to a saturated value under higher applied ﬁeld. It is clear that
Fig. 5. Changes in magnetostriction (m⧸⧸λ?) as a function of applied ﬁeld
for the metallic glasses.
Fig. 6. Changes in saturation magnetization as a function of annealing
temperature for the metallic glasses annealed for 900 s.
Fig. 7. Changes in coercive force as a function of annealing temperature for
the metallic glasses annealed for 900 s.
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goes up. The saturated magnetostriction of the amorphous alloys
exhibits a value of 25 106–44 106, which is similar to that
(about 30 106) [30,31] for the conventional Fe–Si–B amor-
phous ribbon alloys.
The changes in saturation magnetization (ss) and coercive force
(Hc) as a function of annealing temperature for the Fe-based meta-
llic glasses annealed for 900 s are shown in Figs. 6 and 7 respec-
tively. No distinct change in the ss and Hc with the annealing
temperature is observed below 873 K for the alloys with different
Mo or Cr content, which suggests a more relaxed atomic
conﬁguration the ribbons have. However, both the ss and the Hc
are enhanced considerably by annealing at 973 K. As shown in
Fig. 3, the XRD result shows that the amorphous alloys are
crystallized at 973 K, the crystallization structure of which consists
of α-Fe, Fe2Zr, ZrB2 and some unknown phases. Obviously, α-Fe
is ferromagnetic phase among these crystalline phases. The
signiﬁcant enhancement in saturation magnetization and coercive
force is presumably attributed to the devitriﬁcation of the
amorphous alloys. Furthermore, each soft magnetic property of
the glasses containing Cr with higher thermal stability is superior to
that of the alloys containing Mo.4. Conclusions
Bulk Fe62Co8xMxZr6Nb4Ge1B19 (M¼Mo, Cr) metallic glas-
ses in the diameter range up to 2 mm were prepared by copper
mold casting. The metallic glasses show high thermal stability with
a maximum supercooled liquid region of about 85 K. The super-
cooled liquid region diminishes by the dissolution of Mo. The
addition of 2 at% Cr causes the extension of the supercooled liquid
region remarkably, leading to the enhancement of thermal stability.
The crystallization of the metallic glasses takes place through a
single exothermic reaction, accompanying the precipitation of more
than three kinds of crystallized phases such as α-Fe, Fe2Zr and
ZrB2.
The Fe-based metallic glasses exhibit soft ferromagnetic proper-
ties. The saturation magnetization decreases with increasing Mo or
Cr content while the saturated magnetostriction rises with raising
Mo or Cr content. There is no evident change in the saturation
magnetization and coercive force with annealing temperaturebelow the crystallization temperature, which suggests a more
relaxed atomic conﬁguration the glasses have. The crystallization
causes a substantial enhancement in both saturation magnetization
and coercive force. Each soft magnetic property of the glasses
containing Cr with higher thermal stability is superior to that of the
alloys containing Mo.
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